Late embryogenesis abundant (LEA) proteins are associated with desiccation tolerance in resurrection plants and in plant seeds, and the recent discovery of a dehydration-induced Group 3 LEA-like gene in the nematode Aphelenchus avenae suggests a similar association in anhydrobiotic animals. Despite their importance, little is known about the structure of Group 3 LEA proteins, although computer modelling and secondary structure algorithms predict a largely α-helical monomer which forms coiled coil oligomers. We have therefore investigated the structure of the nematode protein, AavLEA1, in the first such analysis of a well-characterised Group 3 LEA-like protein. Immunoblotting and subunit cross-linking experiments demonstrate limited oligomerisation of AavLEA1, but analytical ultracentrifugation and gel filtration show that the vast majority of the protein is monomeric. Moreover, CD, fluorescence emission and FT-IR spectroscopy indicate an unstructured conformation for the nematode protein. Therefore, in solution, no evidence was found to support structure predictions; instead, AavLEA1 seems to be natively unfolded, with a high degree of hydration and low compactness. Such proteins can, however, be induced to fold into more rigid structures by partner molecules or by altered physiological conditions. Since AavLEA1 is associated with desiccation stress, its FT-IR spectrum in the dehydrated state was examined. A dramatic, but reversible, increase in α-helix and, possibly, coiled coil formation was observed, indicating that computer predictions of secondary structure may be correct for the solid state. This unusual finding offers the possibility that structural shifts in Group 3 LEA proteins occur on dehydration, perhaps consistent with their role in anhydrobiosis. [250 words] 
INTRODUCTION
Although water is essential for life, a number of organisms can survive desiccation for extended periods by entering into a state of suspended animation. This remarkable ability, called anhydrobiosis, is found across all biological kingdoms, including bacteria, fungi, animals and plants. Examples among higher eukaryotes include some nematode worms, such as Aphelenchus avenae, a soil dwelling fungivore amenable to laboratory culture, "resurrection" plants like Craterostigma plantagineum, and orthodox plant seeds and pollen (1) (2) (3) . The molecular mechanisms governing anhydrobiosis are not fully characterised but several hypotheses emphasise a major role for non-reducing disaccharides. Trehalose, in animals, or sucrose, in plants, accumulates to high concentrations in many anhydrobiotic species prior to dehydration (2, 4) . In vitro these sugars have been shown to preserve enzymes, antibodies, nucleic acids, some viruses, liposomes and other membrane systems during and after drying (5, 6) . Largely on the basis of the in vitro data, these sugars are proposed to act as water replacement molecules, and as thermodynamic and kinetic stabilisers of biomolecules and membranes (7, 8) . However, there is remarkably little evidence from living systems in support of these hypotheses (9) . Furthermore, it is increasingly apparent that, if disaccharides do play an important role in vivo, they are insufficient to confer anhydrobiosis by themselves; other adaptations are required (9) (10) (11) (12) . In desiccation-tolerant plants, a number of genes have been identified which are induced by water stress (13, 14) , but there is little information on equivalent genes in anhydrobiotic animals. We have therefore begun to characterise the genes involved in the desiccation stress response in A. avenae and recently described a dehydration-responsive gene, Aavlea1, whose cognate amino acid sequence is related to plant Group 3 late embryogenesis abundant (LEA) 1 proteins (15) .
defined for plant proteins as TAE/QAAKE/QKAXE for the D-7 family, or more broadly as ΦΦE/QXΦKE/QKΦXE/D/Q (where Φ represents a hydrophobic residue) for the D-29 family (23, 24) . Recent genome sequencing projects have brought to light sequences related to Group 3 LEA 
proteins in the nematode
Caenorhabditis elegans and also in the prokaryotes Haemophilus influenzae and Deinococcus radiodurans (24) ,
indicating that this type of LEA protein at least is not restricted to plant species. The D. radiodurans genome also contains sequences related to other LEA proteins (25) . The function of non-plant LEA proteins may also relate to water stress: mutation of two D. radiodurans genes encoding LEA-like sequences resulted in reduced desiccation tolerance (26) , and an LEA-like protein was induced by dehydration in the entomopathogenic nematode Steinernema feltiae (27) , as was the Aavlea1 gene in A. avenae (15) . The A. avenae protein sequence, named AavLEA1, is very similar to the plant Group 3 LEA proteins, as shown by database comparisons, and includes several 11-mer motifs (15) . These motifs differ slightly from the plant consensus, eg. the first amino acid is often a positively-charged lysine instead of a hydrophobic residue, but they are clearly related. It is therefore expected that AavLEA1 will adopt a conformation similar to that of plant Group 3 LEA proteins.
Structural studies on a number of LEA proteins have been performed to attempt to gain insight into function, but surprisingly little information is available for Group 3 members. No crystal structures have been reported, but secondary structure predictions can be derived from a number of algorithms available as online computer programs. Fig. 1 shows secondary structure predictions from seven such programs, together with a "winner takes all" summary, for the A. avenae Group 3 LEA protein, suggesting that it is largely α-helical throughout its length. Dure (23) used computer modelling to predict that Group 3 LEA proteins adopt amphiphilic α-helices which dimerise in an unusual right-handed coiled coil arrangement, with a periodicity defined by the 11-mer motif. Right-handed coiled coils based on an 11-mer repeat were later found in a surface layer protein from Staphylothermus marinus (28) , demonstrating that this conformation is found in nature.
Larger complexes might also arise (29) , since a Group 3 LEA-like wheat protein is predicted by the MultiCoil program (30) to form trimeric coiled coils. Indeed, MultiCoil also predicts a 40% probability of coiled coils in AavLEA1, although these would be, more conventionally, left-handed. Since the structure of AavLEA1 might offer clues to its function, we decided to test the various hypotheses resulting from computer predictions to assess (a) whether oligomers are formed, (b) whether an α-helical polypeptide structure can be detected, and (c) whether drying has any significant effect on structure, in a recombinant form of the protein.
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EXPERIMENTAL PROCEDURES
Production of Recombinant Nematode LEA Protein-The A. avenae LEA cDNA sequence reported in our earlier study (15) was reamplified by polymerase chain reaction (PCR) using oligonucleotide primers containing engineered N d e I (5'-GGAATTCCATATGTCCTCTCAGCAG) and B a m HI (5'-CGGGATCCTTAGTCGCGGCCCTT) sites (underlined), and cloned in pCR2.1-TOPO (Invitrogen). The pET15b vector (Novagen) was used to express the protein with an N-terminal His 6 tag after cloning the engineered cDNA sequence at the NdeI and BamHI sites; the construct was verified by DNA sequence determination. The pET15b vector encodes the protein sequence MGSSHHHHHHSSGLVPRGSH at the Nterminus, additional to the native AavLEA1 sequence shown in Fig. 1 . The plasmid was transformed into E. coli strain BL21(DE3) and a single bacterial colony was inoculated in 100 ml Luria broth (LB) containing 100 µg/ml carbenicillin and grown overnight at 37˚C. 10 ml of this culture was used to inoculate 1 l LB plus antibiotic and, at an absorbance (A 600 ) of 0.6, gene expression was induced with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) for 12 h at 30˚C. Cells were harvested by centrifugation at 11,000g for 10 min at 4˚C and pellets were resuspended in 50 mM MOPS buffer (pH 6.5). The cell suspension was sonicated and debris was removed by centrifugation at 15,000g for 10 min at 4˚C. Supernatant was applied to a 5 ml nickel chelation column preequilibrated with 50 mM phosphate (pH 8.0), 300 mM NaCl, 10 mM imidazole. The bound protein was eluted batchwise using increasing concentrations of imidazole, as described in the QIAexpressionist (QIAGEN, Germany). Protein fractions were pooled and dialysed overnight in 5 mM MOPS buffer (pH 6.5), and applied to a HiLoad Q Sepharose column (Pharmacia) equilibrated with 20 mM MOPS buffer (pH 6.5). The adsorbed proteins were eluted with a linear gradient from 0 to 0.5 M NaCl using an AKTA FPLC system (Pharmacia).
Fractions with AavLEA1 protein eluted as a single peak and the purity of protein was analysed by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE 
SDS-PAGE and Western
Blotting-For SDS-PAGE (32), 11% SDS slab gels were run in Bio-Rad miniProtean 3 electrophoresis cells (Bio-Rad, Hertfordshire, GB); gels were stained with Coomassie blue R-250.
Apparent molecular weight was determined relative to molecular weight standards (Sigma). For blotting, proteins were first separated by SDS-PAGE on 11% slab gels, and transferred to a nitrocellulose membrane (Trans-Blot Transfer Medium; Bio-Rad) using a Trans-Blot SD electrophoretic transfer cell (Bio-Rad).
Immunodetection was performed using affinity-purified polyclonal rabbit antiserum raised against purified containing 100 mM NaCl was used with an FPLC system (Pharmacia) and calibrated with proteins from the LMW and HMW gel filtration calibration kits (Pharmacia). Protein samples (50-500 µg) in appropriate buffers were run on the column, pre-equilibrated in the same buffer, at a flow rate of 0.25 ml/min. The apparent size and Stokes' radius (R S gel ) of the protein was determined relative to the standards using described methods (36) .
Far UV Circular Dichroism and Fluorescence Emission
Spectroscopy-CD spectra were recorded on a Jasco J-810 spectropolarimeter using a 0.1 cm path-length for wavelengths between 190 and 250 nm.
Temperature was controlled using a Peltier system and data were acquired at different temperatures with 0.1 and 2 mg/ml of AavLEA1 in 50 mM phosphate buffer (pH 7.0). The buffer spectrum at each temperature set point was subtracted from the sample spectrum. Fluorescence emission spectra were recorded on a Perkin Elmer LS50B luminescence spectrometer, fitted with a temperature controlling device. Data were obtained at different temperatures using an excitation wavelength of 280 nm, slit widths of 2.5 nm and a scan rate of 60 nm/min. The concentrations of AavLEA1 used were 0.1 and 0.5 mg/ml. Fluorescence intensity and maximum emission wavelength (λ max ) were determined from emission spectra acquired in the range 310-400 nm.
Fourier-transform infrared spectroscopy-Infrared spectra were recorded in a Bruker Equinox 55 FT-IR spectrometer equipped with a deuterated lanthanum triglycine sulfate (DLATGS) detector and a KBr beamsplitter, and purged with a continuous flow of N 2 gas. Lyophilised protein samples were reconstituted in 2 H 2 O at a concentration of 15 mg/ml and incubated at room temperature for about 10 minutes before measurements.
Protein solutions were then passed through 0.22 µm pore syringe filters to remove any undissolved or aggregated material and the supernatants were transferred to a clean tube. Samples were then placed between a pair of CaF 2 7 windows separated by a 50 µm Mylar spacer. Dehydrated samples were obtained by placing 50 µl of a 15 mg/ml solution of protein (prepared and filtered as described above) on a CaF 2 window and drying under vacuum for about 30 min. In all cases transmission spectra were collected at room temperature. For each sample 64
interferograms were collected at a spectral resolution of 2 cm -1 , using a scanner velocity of 10 kHz. Water vapour subtraction and baseline correction as well as additional spectra processing as indicated below were performed using GRAMS/AI (Thermo Galactic) software. Second derivatives of the Amide I band spectra were produced to determine the localisation of the different spectral components. A peak fitting for each individual spectrum was performed using the spectral frequencies obtained by second derivative analysis and trough successive iterations using a variable mixture of Gaussian and Lorentzian bandshapes.
RESULTS

Gel electrophoresis and subunit cross-linking demonstrate oligomerisation of nematode LEA
protein--A recombinant form of AavLEA1 with a predicted M r of 18,175 Da was produced in E. coli after cloning in the pET15b expression vector. The protein was purified by nickel chelation and ion exchange chromatography and had approximately the expected M r on SDS-PAGE gels ( Fig. 2A) . MALDI-TOF mass spectrometry confirmed the M r as 18,060.1 ± 0.9 Da (data not shown), indicating that the N-terminal methionine had been cleaved during synthesis, but which otherwise agreed with predictions. To facilitate analysis of AavLEA1, a polyclonal antiserum against the purified protein was produced which recognises it in Western blotting experiments. Intriguingly, although in some experiments AavLEA1 is visualised by the antiserum as a single band (Fig. 2B ), oligomeric forms are also frequently observed: monomer (N) and dimer (2N) are clearly seen in Fig. 2C ; higher order oligomers, at least of trimer (3N), are also faintly visible. A similar degree of oligomerisation also occurs in vivo, since dimers can be visualised in Western blots of nematode protein extracts;
both monomer and dimer of the native form run slightly ahead of the equivalent recombinant species due to the lack of an N-terminal His tag (Fig. 2D ). Small quantities of dimeric AavLEA1 can also be seen on SDS-PAGE gels simply stained with Coomassie blue (data not shown). This indicates a tight association between subunits since protein samples were boiled in SDS -strongly denaturing conditions -prior to electrophoresis. To demonstrate the presence of oligomers in solution, cross-linking of purified AavLEA1 using dimethyl suberimidate was performed. Conditions were used which allow cross-links to form between the subunits of protein complexes, but not between different complexes. In Fig. 2E , three bands are observed after incubation in dimethyl suberimidate, corresponding to monomeric, dimeric and trimeric forms of the protein. The intensity of the bands representing oligomeric forms is lower than that of the monomer, but since cross-linking does not proceed to completion, this does not indicate the relative proportions of the oligomers observed. Larger forms were not seen, suggesting that tetramers and higher order oligomers were not present at significant levels in the protein sample used.
These experiments confirm the existence of homo-oligomers of AavLEA1 in solution, and are consistent with a dimeric or trimeric coiled coil model, similar to those proposed by Dure (23) and NDong et al. (29) . These models imply that most of the protein should adopt a oligomeric, coiled coil conformation, but the proportion of oligomeric forms is difficult to determine using denaturing gel electrophoresis since protein complexes are likely to be underestimated. Conversely, Western blotting can overemphasise weak bands in relatively long film exposures. Preliminary electrospray ionisation mass spectrometry indicated that AavLEA1 was present mostly as the monomer; the presence of dimer and possibly higher order oligomers was detected, but in small quantities, suggesting incomplete oligomerisation (data not shown). However, although these experiments were performed under conditions designed to minimise subunit separation, it could not be ruled out that oligomeric complexes of AavLEA1 were largely disrupted by the procedure. If AavLEA1 is mainly oligomeric, though, this should be demonstrable unequivocally by analytical ultracentrifugation.
Hydrodynamic analysis suggests AavLEA1 is mostly monomeric--Sedimentation velocity experiments
were performed for a range of protein concentrations and an apparently single boundary was observed in all cases, consistent with one predominant species being present. The plot of the inverse of sedimentation coefficient, s, against corrected concentration, c, was fitted using a linear regression routine (Fig. 3) , and a value (Fig. 3) is most consistent with a species which is either all monomer, or mostly monomer in rapid equilibrium with a proportion of dimer. Using the concentration dependence of the s value, deductions on the degree of dimerisation can be made from sedimentation velocity data (37, 38) . This analysis suggests, for the two structural forms postulated, that if AavLEA1 is an extended rod then very little dimer is needed to account for the data of Fig. 3 , whereas for an unstructured model a significant fraction of dimer -7% dimer at a protein concentration of 2.5 mg/ml -is present. Since gel electrophoresis experiments demonstrate that monomeric and oligomeric forms co-exist, the latter model is more likely. Other possibilities, including the smallest species being a dimer, can effectively be excluded. An unequivocal value for the molecular mass of the nematode LEA protein in solution, and hence the degree of oligomerisation, can be obtained from sedimentation equilibrium experiments. These were performed at a range of protein concentrations and the data fit to single species, or two species, models using the NONLIN program. Again, the best fit was observed for a single, ie.
monomeric species, but with a small quantity of dimer present (data not shown). Higher order oligomers were not excluded by this analysis, but they must be present at a level of ≤2% total protein.
The Stokes' radius (R S sed ) of AavLEA1 was calculated from sedimentation analysis to be 3.91 nm. This is larger than expected if AavLEA1 were globular in structure, but is consistent with it being an extended or highly swollen protein. Gel filtration experiments gave a similar result, with the LEA-like protein running very close to bovine serum albumin (66 kDa; R S = 3.55 nm) on a Superdex 200 column (Fig. 4) ; the relatively low elution volume of AavLEA1 was maintained under a variety of running conditions, at pH 6.5 to 9.5, in water or 0.5 M NaCl, and in 0.5 M sucrose or 1 M trehalose. The gel filtration column was calibrated using globular proteins with known R S as standards, allowing R S gel for AavLEA1 to be estimated at 3.38 nm. This is somewhat lower than the value obtained from ultracentrifugation, possibly due to matrix interaction effects, but is still far in excess of the expected R S value for a globular protein of similar mass and supports the model of AavLEA1 having low compactness. In summary, gel electrophoresis and hydrodynamic analyses suggest that the nematode Group 3 LEA-like protein exists in solution mostly in the monomeric form but in rapid equilibrium with a small proportion of dimer; some trimer is also observed.
Spectroscopic analysis shows that AavLEA1 is natively unfolded--Far UV CD spectroscopy yields
information on the α-helical, β-sheet and unstructured, random coil content of proteins. If AavLEA1 is largely α-helical as predicted (Fig. 1) , CD spectra should have two characteristic minima near 208 nm and 222 nm. In contrast, a disordered structure would give a single minimum at about 200 nm and low ellipticity at 222 nm.
Proteins with elements of both structural forms, and indeed of β-sheet, with its typical minimum at 215 nm, would give spectra combining these features. However, significant defined secondary structure was not detected for AavLEA1: signatures of α-helix and β-sheet were absent, with the spectrum showing instead that the protein is most likely unstructured through a temperature range of 4˚C to 75˚C (Fig. 5) . A slight increase in ellipticity at 200 nm on shifting to higher temperature, together with a decrease at 220 nm, could be interpreted as an increase in α-helical content. On cooling to 4˚C, the spectrum reverts to that seen previously at this temperature, showing that any structural changes induced by heating are fully reversible. This is the opposite to what is observed in globular proteins, where heating causes unfolding, but the effect has been noted previously with unstructured proteins and could reflect increased strength of hydrophobic interactions at elevated temperature (39) . CD spectra did not change appreciably throughout a concentration range of 0.1 to 2 mg/ml, suggesting that any secondary structure of AavLEA1 is not influenced by protein concentration (data not shown).
To confirm the largely unstructured nature of AavLEA1, fluorescence emission spectroscopy was Fig. 1) , gives rise to a λ max at 4˚C of 355 nm, which is indicative of a solvent-exposed side chain (Fig. 6) . The emission profile does not change appreciably on heating the sample to 65˚C; on cooling, the spectrum is indistinguishable from the original (data not shown). This implies that any increased folding with temperature, as suggested by CD analysis, does not mask the tryptophan at position 49. Therefore, both far UV CD and fluorescence emission experiments are consistent with a natively unfolded structure for the nematode Group 3 LEA protein.
Preliminary proton nuclear magnetic resonance studies (data not shown) also suggested a lack of stable stuctural elements within AavLEA1.
A large proportion of the proteome of many species is predicted to include partially or wholly unfolded proteins; in the yeast Saccharomyces cerevisiae, for example, 30% of proteins are predicted to be partially, and 6% to be wholly, disordered (40) . A simple predictor of whether a given protein falls into this group is obtained from calculation of mean normalised hydrophobicity (<H>) and mean net charge at neutral pH (<R>). When (43), which accounts for almost 10% of the total amino acids of AavLEA1. Natively unfolded proteins are known to become more structured when complexed with partner molecules or exposed to altered physiological conditions (39) (40) (41) , and therefore we examined the effect of dehydration -the natural stress vector experienced by anhydrobiotes -on AavLEA1 structure.
Interestingly, when the protein is dried under vacuum, the amide I spectrum of AavLEA1 experiences major changes in both its overall shape and also in the distribution of spectral components, suggesting that important conformational changes have occurred. The overall amide I spectrum of this form of the protein exhibits a maximum at 1657 cm -1 , which, together with the existence of an important component at 1658 cm -1 ,
indicates the acquisition of α−helical structure by the protein when dehydrated ( Fig. 7B ; Table 1 ). Intriguingly, components detected at 1641, 1672 and 1689 cm -1 (and perhaps also that at 1623 cm -1 ) are consistent with the arrangement of α−helical structures as coiled coils (44) . According to the existing literature, the absence of components around 1630 cm -1 , together with the location of the spectral maximum of the overall amide I band (1657 cm -1 ) and its spectral weight (1659 cm -1 ) suggest, however, the absence of a "superhelical pitch", i.e. any superhelical assembly is expected to originate from the lateral association of helices in a straight manner without any twisting, as suggested previously for coiled coil models (44) . As mentioned, the band at 1623 cm -1 could be one of those attributed to the superhelical arrangement of dehydrated AavLEA1. Alternatively, together with the component at 1680 cm -1 , it might also account for a residual amount of inter-molecular β-sheet structure, perhaps due to aggregation of a small fraction of the protein during dehydration. Finally, the bands at 1649 and 1680 cm -1 could account for residual random conformations in the sample. The FT-IR spectrum of rehydrated AavLEA1 is completely superimposable with that of the original protein in solution (Fig. 7A) , indicating that the structural rearrangements imposed by desiccation are fully reversible.
DISCUSSION
The gene Aavlea1 encodes a protein in the anhydrobiotic nematode A. avenae with marked similarity to the Group 3 LEA proteins found in many maturing plant seeds. The precise function of LEA proteins in plants has not been defined, although their expression is associated closely with acquisition of desiccation tolerance (45) . Tomato, wheat and barley LEA proteins have been shown to confer increased resistance to osmotic and freeze stress when introduced into yeast (46) (47) (48) (49) , and a barley LEA protein improved tolerance to water deficit in transgenic rice (50) and wheat (51) . In vitro, a Group 3 LEA protein from the alga Chlorella decreased freeze damage of the enzyme lactate dehydrogenase (52), and our unpublished results suggest that the nematode protein behaves similarly. Therefore, LEA proteins seem able to offer partial protection to biological structures at the molecular and cellular level against the effects of water loss, but how this function is linked, if at all, to structure, is unclear. This report provides the first structural information, in both hydrated and dry states, on a fully characterised Group 3 LEA-like protein from any species, including plants.
The literature (23, 29) and several computer programs predict that Group 3 LEA proteins adopt a largely α-helical structure, possibly as a coiled coil homodimer or higher order species. However, gel electrophoresis and hydrodynamic experiments on AavLEA1 indicate that, although limited oligomerisation occurs, the majority species is the monomer. The protein is apparently wholly unfolded in solution, with little evidence obtained by far UV CD, fluorescence emission and FT-IR spectroscopy for any defined conformation. Failure to achieve crystallisation of AavLEA1 2 is consistent with this. Calculations made from the hydrodynamic data about the degree of hydration of the protein show that an ideal, compact protein of M r 18,060 would have a value of R S = 1.72 nm, but the observed value for AavLEA1 (R S sed ) is 3.91 nm. The ratio of the molecular volumes, calculated from these radii, gives V S / v , the ratio of partial specific hydrated volume of the protein to partial specific volume of the protein alone. For AavLEA1, V S / v = 11.8 and, since v is estimated to be 0.705 ml/g using the SEDNTERP application, this gives V S = 8.32 ml/g. If we assume that volume not occupied by protein is occupied by water with the same density as bulk phase, then the degree of hydration of AavLEA1 is V S -v = 7.6 ml/g, and the ratio of volume of water per unit volume of protein is 7.6/0.705 or 10.8. This indicates a high level of associated water, since a typical globular protein would have a V S / v value of around 1.5, giving a degree of hydration of 0.365 ml/g. Therefore, in this model, AavLEA1 has approximately 20-fold more associated water than a typical globular protein of equivalent size, which is consistent with the recognised hydrophilicity of LEA proteins (21, 22) . On the basis of these observations, it appears that structural predictions are incorrect, at least for the purified, solution state of AavLEA1, and that instead it adopts a conformation termed natively unfolded (39, 41) or intrinsically disordered (40) . One concern with the use of a recombinant molecule is the possible interference of the N-terminal His tag in protein folding. However, we have obtained almost identical gel electrophoresis and hydrodynamic data with a version of AavLEA1 where the N-terminal His tag has been removed by thrombin cleavage, or by partial proteolysis; in addition, a different recombinant form of the protein, where a His tag is positioned at the C-terminus, also exhibits an unfolded conformation (data not shown).
Although their sequence is unrelated to that of Group 3 LEA proteins, the other main categories of LEA protein, ie. Group 1 and Group 2, the latter frequently referred to as dehydrins, also seem to be wholly or partially natively unfolded (53) (54) (55) (56) (57) (58) (59) (60) , suggesting that this is a general characteristic of LEA proteins.
An intriguing feature of natively unfolded proteins, and one that might throw light on the function of LEA proteins, is that, although such proteins lack structure, they do not lack function. The vast majority of proteins or protein domains in this category have recognised activities, and almost all are known to bind specific ligands or target molecules (40, 41) . For example, the yeast nucleoporin Nup2p -which forms part of the nuclear pore complex, interacts specifically with importin αβ (Kap60p/Kap95p) and is required for nuclear import of importin-αβ-dependent cargoes -is natively unfolded (61) . Shifts in temperature, pH and concentration of counter ions can also increase folding of disordered proteins (39) , and a limited temperature effect was noted for AavLEA1 and some other LEA proteins. However, desiccation induced a more dramatic effect on AavLEA1 structure: FT-IR spectroscopic analysis showed that the protein became more folded, developing a significant α-helical component, when dried. Furthermore, spectral components were present which were consistent with the formation of superhelical -and possibly coiled-coillike -structures. This is a highly unusual observation, since protein dehydration is most often associated with a loss of structure and aggregation (65) , rather than with an increase in structure, folding or subunit assembly, and offers the exciting possibility that structural shifts in Group 3, and possibly other categories of, LEA proteins depend on the availability of water. Other workers have observed that apparently unfolded LEA (or similar)
proteins become more structured when water activity is decreased by, for example, trifluoroethanol (56, 58, 66) , Dehydration apparently induces α-helix formation in AavLEA1, and potentially coiled coil oligomerisation, suggesting that computer predictions of its structure may be fulfilled in the dry, if not the hydrated, state. Increased folding and oligomerisation could be driven by a combination of decreased protein hydration and molecular crowding effects, which exert thermodynamic pressure on proteins to adopt a compact structure. Crowding would be augmented by loss of water from the cytoplasm, where a 10% reduction in cellular water could result in an increase in thermodynamic activity of volume-excluding protein species of up to 10-fold (74) . We might speculate that AavLEA1 coiled coils would be able to form more complex structures, 
